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Notch Activity Influences the
ab versus gd T Cell Lineage Decision
Tracy Washburn,* Edina Schweighoffer,³ amplifies small differences in Notch signaling between
neighboring precursor cells that are choosing betweenThomas Gridley,² David Chang,* B. J. Fowlkes,³
Dragana Cado,* and Ellen Robey* primary and secondary fates.
The mechanism driving this feedback loop has been*Department of Molecular and Cell Biology
University of California further explored in C. elegans (Wilkinson et al., 1994).
In this example, the two equivalent precursor cells thatBerkeley, California 94720
²The Jackson Laboratory are choosing between the primary anchor cell (AC) fate
and the secondary ventral uterine precursor (VU) cellBar Harbor, Maine 04609
³Laboratory of Cellular and Molecular fate both express the Notch-like receptor, LIN-12, and
its ligand. Over time, one cell gradually begins toexpressImmunology
National Institute of Allergy and Infectious more of the ligand and less of the receptor and its neigh-
bor does the opposite, until eventually one cell ex-Disease
National Institutes of Health presses only the receptor and its neighbor expresses
Bethesda, Maryland 20892 only the ligand. These observations suggest that signal-
ing through LIN-12 leads to down-regulation of the li-
gand and up-regulation of the receptor, resulting in a
Summary self-reinforcing feedback loop. In this way, initially small
differences in the levels of Notch and its ligand on pre-
The choice between the ab or gd T cell fates is influ- cursor cells become amplifiedover time, such that even-
enced by the production of functional, in-frame re- tually one cell becomesthe ªreceivingº celland its neigh-
arrangements of the TCR genes, but the mechanism bor becomes the ªsendingº cell. Recent evidence
that controls the lineage choice is not known. Here, suggests that a similar feedback mechanism might also
we show that T cells that are heterozygous for a muta- exist in vertebrates (Chitnis et al., 1995; Girard et al.,
tion of the Notch1 gene are more likely to develop as 1996; Robey et al., 1996).
gd T cells than as ab T cells, implying that reduced Although this feedback mechanism can amplify a
Notch activity favors the gd T cell fate over the ab small difference in Notch signaling between neighboring
T cell fate. A constitutively activated form of Notch precursor cells, the issue of how this initial difference
produces a reciprocal phenotype and induces thymo- is generated is still unclear. In the case of the AC versus
cytes that have functional gdTCR gene rearrange- VU decision, the choice of which cell adopts the primary
ments to adopt the ab T cell fate. Our data indicate or secondary fate appears random, and it has been
that Notch acts together with the newly formed T cell suggested that a random fluctuation in the relative levels
antigen receptor to direct the ab versus gd T cell lin- of receptor and ligand might begin the process (Wilkin-
eage decision. son et al., 1994). In other examples, however, the choice
between primary and secondary cell fates is controlled
Introduction by other environmental signals (Beitel et al., 1995; Katz
et al., 1995), raising the possibility that these signals
might regulate the levels of Notch and/or its ligand onDuring development, the choice between alternative cell
fates is often controlled by direct cell-to-cell contact precursor cells. The question of how the Notch signaling
pathway is integrated with other developmental cues,between equivalent precursor cells. In many cases, this
involves signaling through the transmembrane receptor however, is as yet unresolved.
We areexploring how Notch works together with otherNotch and insures that initially equivalent precursor cells
adopt distinct developmental fates. The Notch receptor signals to specify cell fate in the mammalian immune
system. During thymic development, developing T cells,plays a crucial role in development in organisms as
diverse as Drosophila and mouse. or thymocytes, rearrange and express the genes encod-
ing their antigen receptors (T cell antigen receptor, orThe mechanism by which Notch controls the choice
of cell fate has been extensively studied in the formation TCR). The type of antigen receptor expressed by a devel-
oping T cell ultimately determines the type of mature Tof the peripheral nervous system in Drosophila (Heitzler
and Simpson, 1991). In this case, Notch and its ligand, cell it will become (reviewed in Robey and Fowlkes,
1994). Several mammalian Notch homologs have beenDelta, are both expressed on precursor cells that are
choosing between primary and secondary cell fates. described (Coffman et al., 1990; Weinmaster et al., 1991;
del Amo et al., 1992; Stifani et al., 1992; Weinmaster etMutation of either Notch or Delta leads to the appear-
ance of extra primary fate cells (neurons) at the expense al., 1992; Lardelli and Lendahl, 1993; Lardelli et al., 1994),
and at least one of these homologs, Notch1, is ex-of secondary fate cells (epidermal cells), whereas ex-
pression of a constitutively active form of Notch leads pressed in developing T cells (Weinmaster et al., 1991;
Weinmaster et al., 1992; Hasserjian et al., 1996; Robeyto extra secondary fate cells at the expense of primary
fate cells. While heterozygous mutations of either Notch et al., 1996). We have recently shown that Notch activity
affects the choice of T cell precursors between the CD4or Delta have no affect on peripheral nervous system
development, when precursor cells that are heterozy- and CD8 T cell fates (Robey et al., 1996). Because much
is known about the control of T cell fate by the T cellgous for Notch develop next to wild-type cells, the het-
erozygous cells adopt the primary fate and their wild- antigen receptors, the thymus represents an excellent
context in which to investigate the interplay betweentype neighbors adopt the secondary fate. These results
suggest the existence of a feedback mechanism that Notch and other signals that guide cell fate decisions.
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In this report, we examine the role of Notch and the the ab versus gd T cell lineage choice and that Notch
T cell antigen receptor in the ab versus gd T cell lineage activity favors the ab T cell lineage. Our data support a
decision. The majority of T cells express a T cell antigen model in which the presence of in-frame b or gd TCR
receptor consisting of a and b chains. These ab T cells gene rearrangements influences whether or not a thymic
include CD41 helper T cells and CD81 killer T cells that precursor receives the Notch signal, and the Notch sig-
regulate the immune response and help to fight intracel- nal, in turn, promotes development along the ab T cell
lular pathogens. A smaller, distinct lineage of T cells pathway.
expresses a T cell antigen receptor consisting of g and
d chains. In addition to expressing a distinct form of
Resultsthe antigen receptor, these gd T cells generally do not
express CD4 or CD8 and have distinct functions com-
pared to ab T cells (reviewed in Bluestone et al., 1991; A Reduction in Notch1 Gene Dosage Favors
Allison, 1993). the gd T Cell Fate over the ab T Cell Fate
At an early stage of thymic development, T cell precur- Previous studies have shown that Notch1 is expressed
sors first begin to rearrange their b, g, and d TCR genes. in developing thymocytes (Weinmaster et al., 1991;
Recent evidence suggests that the decision of the pre- Weinmaster et al., 1992; Hasserjian et al., 1996; Robey
cursor to become a gd or an ab lineage T cell is influ- et al., 1996). Moreover, the highest level of Notch1 is
enced by whether or not it successfully rearranges its expressed in CD42CD82 thymocytes (Hasserjian et al.,
TCRb or its g and d TCR genes. In immature T cells, 1996; Robey et al., 1996), a subset that contains precur-
the product of the rearranged TCRb gene pairs with a sor activity for both ab and gd lineage T cells (Petrie et
surrogate version of TCRa, called preTa, and this al., 1992; Godfrey et al., 1993). This expression pattern,
preTCR complex is thought to permit the developmental together with indications that Notch plays a role in many
progression of ab lineage T cells (Mombaerts et al., different cell fate decisions, suggests that Notch could
1992a; Saint-Ruf et al., 1994; Fehling et al., 1995). This participate in the ab versus gd T cell lineage decision.
developmental progression includes expression of CD4 To investigate this possibility, we examined the effect
and CD8, proliferation, and up-regulation of TCRa locus of a reduction in Notch1 gene dosage on T cell develop-
rearrangement. The d and g TCR genes are also re- ment. Mice that lack both copies of the Notch1 gene
arranged in ab T cells, and these rearrangements are arrest in development at around day 9 of gestation (Swi-
selectively depleted of in-frame rearrangements (Dudley atek et al., 1994; Conlon et al., 1995), precluding an
et al., 1995; Kang et al., 1995; Livak et al., 1995). These examination of T cell development in these mice. There-
observations suggest that successful completion of fore, we exploited the findings of Heitzler and Simpson
gdTCR gene rearrangement diverts precursor cells from (1991), who showed that the relative expression levels
the ab lineage into the gd lineage (Allison and Lanier, of Notch on adjacent developing cells influence cell fate
1987; Pardoll et al., 1987). decisions. In their studies of the developing Drosophila
While it appears that TCR gene rearrangements influ- peripheral nervous system, wild-type cells adopted the
ence the ab versus gd lineage decision, there are also epidermal fate (the secondary fate) when neighboring
indications that there is more to the story. For example,
cells expressed lower Notch levels, but adopted the
mutation of either TCRb or preTa substantially reduces,
neural fate (the primary fate) when neighboring cells
but does not abolish, the development of CD41CD81
expressed higher Notch levels. Presumably, a feedback
thymocytes, suggesting that a signal through the
loop, such as that observed in C. elegans developmentpreTCR complex is not an absolute requirement for ab
(Wilkinson et al., 1994), amplifies initial differences in theT cell development. Moreover, if expression of an in-
expression of Notch on neighboring cells. We thereforeframe gdTCR invariably led to gd T cell development,
investigated whether interactions between developingone might expect a complete block in ab T cell develop-
T cells that are heterozygous for Notch1 (N11/2) or wild-ment in mice expressing a rearranged gdTCR transgene.
type (N11/1) might influence the choice of T cell fate.This, however, is not the case: many gdTCR transgenic
To create an environment where N11/2 cells developmice contain significant numbers of ab lineage T cells
adjacently to N11/1 cells, we reconstituted the immune(Bonneville et al., 1990; Dent et al., 1990; Sim et al.,
system of irradiated rag1 mutant mice with a mixture of1995; Schweighoffer and Fowlkes, 1996). It has also
equal portions of fetal liver or bone marrow cells frombeen shown that high expression of a rearranged gdTCR
N11/1 and N11/2 donor mice. Because the rag1 mutanttransgene in the absence of TCRb gene rearrangements
mice lack mature T and B cells (Mombaerts et al., 1992b;leads to the appearance of a small population of
Spanopoulou et al., 1994), the immune systems of theseCD41CD81 thymocytes, suggesting that in some situa-
chimeric mice are derived exclusively from the donortions a gdTCR can actually promote ab T cell develop-
stem cells. The two donors have allelic differences atment (Kersh et al., 1995). Finally, there are reports that
the Ly5 locus (Ly5.1/5.2 and Ly5.2/5.2), allowing us tothe presence of normal thymocytes (Shores et al., 1990)
distinguish the two donor types by using a monoclonalor gd T cells (Lynch and Shevach, 1993) can induce the
antibody that recognizes Ly5.1. After 1±5 months toexpression of CD4 and CD8 in a small proportion of
allow reconstitution of the immune system, we analyzedthymocytes that cannot rearrange their own TCR genes,
the chimeric mice to determine what fraction of lympho-suggesting that the thymic environment can influence
cytes was derived from the N11/2 or N11/1 donors.the development of CD41CD81 thymocytes. Thus, it ap-
Data from 38 such mixed genotype chimeric mice arepears that other factors, in addition to the presence of
shown in Figure 1. N11/2 and N11/1 stem cells contributein-frame b or gd TCR rearrangements, influence whether
equally to the B cell compartment (Figure 1A, mixedT cell precursors adopt the ab or gd T cell fate.
Here, we provide evidence that Notch participates in genotype chimeras). This suggests that heterozygosity
Notch and the ab versus gd T Cell Decision
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Figure 1. A Reduction in Notch1 Gene Dos-
age Inhibits ab T Cell Development
50:50 mixtures of donor hemopoietic stem
cells from Notch11/2 and Notch11/1 lit-
termates were used to reconstitute the im-
mune system of irradiated rag1 mutant mice.
The two donor types differed at the Ly5 locus.
(A) Compiled data from 38 chimeras, in which
the two donors differed at the Notch1 locus
(mixedgenotype chimeras) and from 8 chime-
ras in which the two donors differed at the
Ly5 locus, but hadthe same Notch1 genotype
(single genotype chimeras). The number of
ab T cells or B cells derived from each donor
type is plotted as a percentage of total lymph
node cells from a chimeric mouse. The bars
represent the average, and the dots are val-
ues from individual chimeras. For the mixed
genotype chimeras, the averages are: N11/1
ab T cells, 48% (3.03); N11/1 B cells, 16%
(1.35); N11/2 ab T cells, 14% (1.55); and N11/2
B cells, 21% (2.13). For the single genotype
chimeras, the averages are: N11/1 ab T cells,
28% (3.7); N11/1 B cells, 22% (5.06); N11/2
ab T cells, 30% (3.25); and N11/2 B cells, 20%
(2.44). Standard errors of the mean are given
in parentheses.
(B) The relative effect of the Notch1 mutation on B cells, ab T cells, and gd T cells in mixed genotype chimeras. The ratio of Notch11/2 donor
to Notch11/1 donor in each population is indicated. The data for T and B cells are replotted from Figure 1A. The contribution of Notch11/2
stem cells to the B cell, ab T cell, or gd T cell subsets was analyzed from the lymph nodes or spleens of mixed genotype chimeras. The
average contribution of N11/2 cells to each population is: B cells, 53%; ab T cells, 24%; and gd T cells, 32%. Connecting lines indicate values
that come from the same chimeric mouse. In order to statistically compare values from individual chimeras, we divided the percent contribution
of the N11/2 donor to the gd T cell population by the percent contribution of the N11/2 donor to the ab T cell population for each chimera. If
N11/2 donor cells contribute equally to gd and ab populations, the log of this ratio is expected to be 0. The actual value is 0.136 with a
standard error of 0.027, indicating that N11/2 donor cells contribute significantly more to the gd T cell population than to the ab population.
(C) Representative flow cytometric analysis of lymphocytes from a mixed genotype chimera using a marker for donor type (Ly5.1) in conjunction
with a marker for ab T cells (CD4 and CD8), a marker for B cells (CD45R), or a marker for gd T cells (gdTCR). Lymph node cells, or B cell±depleted
spleen cells, were used for the analysis of gdTCR expression. In this particular chimera, the N11/1 donor was Ly5.1/Ly5.2 and the N11/2 donor
was Ly5.2/Ly5.2. However, in approximately half of the chimeras, the Ly5.1 marker was expressed by the N11/2 donor.
at the Notch1 locus does not affect the ability of stem ab and gd T cells arise from a common progenitor.
The observation that reduced N1 gene dosage inhibitscells to repopulate irradiated hosts or to produce mature
B cells. In contrast, the N11/2 stem cells produced three ab T cell development raises the possibility that progeni-
tors with only one copy of the Notch1 gene are moretimes fewer ab T cells than did N11/1 donor stem cells
(Figure 1A, mixed genotype chimeras; representative likely to choose the gd T cell lineage over the ab T cell
lineage than their wild-type neighbors. To investigateFACS [fluorescence-activated cell sorting] plots from an
individual mixed genotype chimeric mouse are shown this possibility, we examined chimeric mice repopulated
with 50:50 mixtures of N11/2 and N11/1 stem cells toin Figure 1C). These data suggest that thymocytes ex-
pressing relatively higher levels of Notch1 are more likely determine the proportion of N11/2 cells within the gd
and ab T cell lineages (Figure 1B). As shown earlier, theto enter the ab T cell lineage than are cells expressing
lower levels of Notch1. N11/2 cells make up on average only 24% of the ab T
cell population, although they represent an equal pro-To establish that N11/2 stem cells are not intrinsically
deficient in producing ab T cells, we examined the num- portion of the starting stem cells population and make
up 53% of the B cell compartment (Figure 1B; databer of ab T cells produced by N11/2 stem cells when
N11/1 stem cells are absent. Intact N11/2 mice have the replotted from Figure 1A). N11/2 cells also represent a
minority of the gd T cell population (32%). However,same ratio of ab T cells to B cells as their wild-type
littermates (data not shown). In addition, chimeric mice when the N11/2 contributions to the ab and gd T cell
populations from individual chimeras are compared (seerepopulated with 50:50 mixtures of donor stem cells
of the same N1 genotype (differing at the Ly5 locus) lines connecting data from the same chimeric mouse,
Figure 1B), it is evident that the N11/2 donor cells con-produced normal numbers of ab T cells, regardless of
the N1 genotype of the donors (Figure 1A, single geno- tributed more on average to the gd T cell population
than to the ab T cell population (21 out of 25 chimeras).type chimeras). Thus, the difference in the production
of ab T cells is observed only when N11/1 and N11/2 These data are consistent with the hypothesis that stem
cells that have lower levels of Notch than their neighborscells develop together in the same mouse. This suggests
that the reduction in N11/2 ab T cells in the mixed geno- are more likely to choose the gd lineage over the ab
lineage.type chimeras results not from intrinsic defects in the
development of N11/2 ab T cells, but from a cell fate We next investigated whether early thymocyte devel-
opment exhibited the same Notch-dependent cell fatechoice imposed on them through a Notch-mediated in-
teraction with neighboring N11/1 cells. bias that we observed in mature T cell populations. We
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examined two developmental stages, an immature thy-
mocyte population that contains precursor activity for
both the gd and ab T cell lineages (interleukin-2 receptor
[IL-2R]1CD42CD82; Petrie et al., 1992; Godfrey et al.,
1993) and a thymocyte population that represents ab
lineage thymocytes of an intermediate stage of maturity
(CD41CD81) (Figure 2). In the thymus of mixed genotype
chimeric mice reconstituted with 50:50 mixtures of N11/2
and N11/1 stem cells, the N11/2 donor cells contributed,
on average, 28% to the IL-2R1CD42CD82 population
and 15% to the CD41CD81 population (Figure 2A; repre-
sentative FACS plots from an individual mixed genotype
chimeric mouse are shown in Figure 2B). The N11/2
cells in each of the 8 chimeras contributed less to the
CD41CD81 population than to the IL-2R1CD42CD82
population (see lines connecting individual chimeras).
These data support the notion that N11/2 precursor cells
are less likely to enter the ab T cell lineage than are
their N11/1 neighbors.
Within the T cell lineage, N11/2 cells contribute more
to the gd population than to the ab population; however,
N11/2 stem cells produce fewer gd T cells overall than
do wild-type cells that develop in the same mice. One
possible explanation for this discrepancy is that Notch1
is involved in an earlier cell fate decision in the hemopoi-
etic lineage and the N11/2 stem cells are diverted into
an earlier, as yet unidentified, fate. This is consistent
with the observation that N11/2 cells contribute only
28% to the T cell precursor population that gives rise
to ab and gd T cells. An alternative possibility is that
heterozygosity of theNotch1 locus gives cells a compet-
itive disadvantage for proliferation or survival compared
Figure 2. A Reduction in Notch1 Gene Dosage Inhibits the Produc-to wild-type cells that develop in the same mouse. In
tion of CD41CD81 Thymocytes
order to distinguish between these possibilities, we ex-
Thymocytes from chimeric mice reconstituted with 50:50 mixtures
amined the effect of an activated form of Notch on the of N11/1 andN11/2 hemopoietic stem cells were analyzedfor expres-
ab versus gd lineage decision. sion of CD4, CD8, IL-2R, and Ly5.1.
(A) Compiled data from 8 radiation chimeras showing the relative
contribution of the Notch1 mutant stem cells to IL-2R1CD42CD82
subsets and CD41CD81 subsets. The bars represent the averages,An Activated Form of Notch Favors the ab
and the dots are values from individual chimeric mice. The averageT Cell Fate
contribution to the IL-2R1CD42CD82 population is 28% and to theIf reduced Notch activity favors the gd T cell fate over
CD41CD81 population is 15%. Connecting lines indicate values that
the ab T cell fate, then increased Notch activity should come from the same chimera. In order to compare values from
have the reciprocal effect. We have previously described individual chimeras statistically, we divided the percent contribution
transgenic mice that express an activated form of Notch of the N11/2 donor to the CD41CD81 thymocyte population by the
percent contribution of the N11/2 donor to the IL-2R1CD42CD82in developing thymocytes (Robey et al., 1996) and have
population for each chimera. If N11/2 donor cells contribute equallyshown that activated Notch affects a cell fate decision
to these two populations, the log of this ratio is expected to be 0.within the ab T cell lineage: the choice of abTCR1
The actual mean of 0.287 with a standard error of 0.05 is significantly
CD41CD81 precursors between the CD4 and CD8 T cell different from the value of 0 that would be expected if the Notch
fates. Because the activated Notch transgene is under mutation were affecting these two populations equally.
the control of the Lck proximal promoter (Chaffin et al., (B) Representative flow cytometric analysis of thymocytes from he-
mopoietic stem cell chimeras. For analysis of IL-2R expression,1990), it should be expressed early in thymic develop-
thymocytes were depleted of CD81 thymocytes and stained withment, perhaps at the time of the ab versus gd lineage
anti-IL-2R, anti-CD4, anti-CD8a, and anti-Ly5.1 antibodies. For anal-decision. We therefore investigated the possibility that
ysis of CD4 and CD8 expression, total thymocytes were stained
the activated Notch transgene might also influence the with anti-CD4, anti-CD8, and anti-Ly5.1 antibodies. Rectangles indi-
choice between the ab and gd T cell fates. cate the gates used to define IL-2R1CD42CD82 and CD41CD81
The choice of uncommitted precursors between the subsets.
ab and gd T cell lineages is controlled in part by TCR
gene rearrangements. Successful completion of g and
d TCR gene rearrangements favors the gd T cell fate though mice expressing the activated Notch transgene
(NotchIC transgenic mice) have approximately normal(Dudley et al., 1995; Kang et al., 1995; Livak et al., 1995),
whereas successful completion of b TCR gene re- numbers of gdTCR1 thymocytes, there is a 3.7-fold in-
crease in the proportion of gdTCR1 thymocytes thatarrangement promotes ab T cell development (Mom-
baerts et al., 1992a, 1992b; Shinkai et al., 1992). Al- express CD8 (Figures 3A and 4C). We also examined
Notch and the ab versus gd T Cell Decision
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Figure 3. An Activated Form of Notch Leads
to the Appearance of CD81 Thymocytes
Bearing gdTCRs
(A) Thymocytes from mice bearing an acti-
vated Notch transgene were analyzed for ex-
pression of gdTCR, CD4, and CD8.
(B) NotchIC transgenic mice were crossed
with mice carrying a rearranged gdTCR
transgene, G8 TCR.
Thymocytes from mice expressing either the
G8 TCR transgene or both the G8 TCR and
NotchIC transgenes were analyzed for ex-
pression of gdTCR, CD4, and CD8. The num-
ber of gdTCR1 thymocytes that express nei-
ther CD4 nor CD8 (open bars) or that express
CD8 and/or CD4 (closed bars) is plotted as
the percentage of total thymocytes. The bars
represent the average values, and the dots
are values from individual mice. CD81 thymo-
cytes in G8 TCR transgenic mice virtually all express both CD8b and CD8a and consist of CD41CD81 as well as immature CD42CD81
thymocytes (data not shown). Mature CD42 CD81 thymocytes are not present due to the absence of b2-microglobulin in these mice (see
Experimental Procedures).
the effect of activated Notch on the development of of precursor cells between the ab versus gd lineages
thymocytes expressing a rearranged gdTCR transgene. and that activated Notch can promote the development
Mice bearing the G8 gdTCR have increased numbers of of CD41CD81 in the absence of the TCRb chain.
gdTCR1 thymocytes, 80% of which express neither CD4 Mice that are mutant for TCRb can still rearrange and
nor CD8 (Dent et al., 1990; Schweighoffer and Fowlkes, express their g and d TCR genes. This raises the possibil-
1996; Figure 3B). In contrast, in mice bearing both the ity that the development of CD41CD81 thymocytes in
G8 gdTCR and the NotchIC transgene, the majority of NotchIC transgenic, TCRb mutant mice might depend
the gdTCR1 thymocytes express CD8. Although some upon expression of a functional gd TCR. To address this
activated gd T cells and intestinal intraepithelial gd T question, we examined the effect of activated Notch in
cells express CD8, they express the CD8aa homodi- mice that lack expression of all TCR genes due to a
meric form of CD8 and do not express CD4 (reviewed targeted disruption of the rag1 gene (Spanopoulou et al.,
in Bluestone et al., 1991). In contrast, the gd TCR1 thy- 1994). rag1 mutant mice display an early and complete
mocytes that we observe in NotchIC transgenic mice block in T cell development and have no detectable
express CD8ab heterodimer, and a significant fraction CD41CD81 cells in the thymus (Mombaerts et al., 1992b;
coexpress CD4 (data not shown). Because CD4 and Spanopoulou et al., 1994; Figure 4A). Introduction of the
CD8ab heterodimer expression are generallyassociated activated Notch transgene into rag1 mutant mice has no
with ab lineage T cells, this raises the possibility that, apparent effect on thymic development, and CD41CD81
in the presence of activated Notch, thymocytes that thymocytes remain undetectable (Figure 4A). Thus,
successfully rearrange their g and d TCR genes might while an activated form of Notch can overcomethe block
adopt the ab T cell fate rather than the gd T cell fate. in ab T cell development in TCRb mutant mice, it cannot
If thymocytes that express a gdTCR and activated drive ab T cell development in the absence of TCR gene
Notch can develop as ab T cells, then activated Notch rearrangement.
might drive ab T cell development in TCRb mutant mice.
Successful rearrangement and expression of TCRb is
CD41CD81 Thymocytes from NotchIC Transgenic,necessary for normal ab T cell development, and muta-
TCRb Mutant Mice Carry In-Frametion of the TCRb gene results in an approximately 100-
Rearrangements of the TCRd Locusfold reduction in the number of CD41CD81 cells in the
The ability of activated Notch to restore CD41CD81 de-thymus (Mombaerts et al., 1992a; Figure 4A). Strikingly,
velopment in TCRb mutant mice, but not in rag1 mutantin TCRb mutant mice that express activated Notch, the
mice, suggests that expression of a gd TCR may benumber of CD41CD81 thymocytes is restored to almost
necessary to drive ab T cell development in TCRb mu-normal levels (Figures 4A and 4B). This increase reflects
tant mice. While the majority of thymocytes in NotchICboth an increase in the total number of thymocytes and
transgenic, TCRb mutant mice does not express gd TCRan increase in the percentage of CD41CD81 cells in
on their surfaces, it is still possible that these cells ex-these mice (Figure 4B). Activated Notch could promote
pressed a gd TCR at the time that they were choosingthe development of CD41CD81 thymocytes by inducing
between the ab and gd T cell lineages. There are indica-precursors to choose the ab lineage or by enhancing
tions that the g and d TCR loci are transcriptionally inac-the survival or proliferation of existing CD41CD81 thy-
tive in ab lineage T cells (discussed in Raulet et al., 1991;mocytes. However, we have previously shown that ex-
Livak et al., 1995). Thus, it is possible that an immaturepression of the activated Notch transgene in an other-
T cell might make a functional gd TCR, respond to thewise wild-type mouse does not alter the proliferation or
constitutive Notch signal by developing as an ab T cell,life span of CD41CD81 thymocytes (Robey et al., 1996).
and then turn off expression of the gd TCR. To investi-Our results, therefore, are most compatible with the in-
terpretations that activated Notch influences the choice gate this possibility, we asked whether thymocytes of
Cell
838
Figure 4. An Activated Form of Notch Pro-
motes the Development of CD41CD81 Thy-
mocytes in TCRb Mutant Mice, but Not in
rag1 Mutant Mice
Mice bearing an activated Notch transgene
were crossed with mice carrying a germline
disruption of the TCRb gene or the rag1 gene.
Thymocytes from the second mutant back-
cross were analyzed by flow cytometric anal-
ysis as described in Experimental Proce-
dures.
(A) Total number of CD41CD81 thymocytes
in mice of the indicated genotypes. Each dot
represents the value from an individual
mouse, and bars represent average values.
(B and C) Representative FACS plots of CD4,
CD8, abTCR, and gdTCR on thymocytes from
mice of the indicated genotypes. Numbers
indicate the percentage of total thymocytes
within the indicated gates.
NotchIC transgenic, TCRb mutant mice carry function- mice and TCRb mutant mice were included for compari-
son. As previously observed, thymocytes from TCRbally rearranged TCRd loci.
A method termed PCR±RFLP analysis (Dudley et al., mutant mice show a selectively in-frame pattern of Vd4±
Jd1 rearrangements (Dudley et al., 1995; Figures 5A and1995) was used to determine whether thymocytes in
NotchIC transgenic, TCRb mutant mice carry in-frame 5B), consistent with the fact that there are proportionally
more gdTCR1 thymocytes in these mice (Mombaerts etTCRd rearrangements. In this procedure, DNA encoding
rearranged V±J junctional regions from T cell popula- al., 1992a; Figure 4C). In contrast, TCRb1/2 mice show
a more even distribution of rearrangements includingtions are amplified by PCR, digested with restriction
enzymes, end-labeled with 32P, and resolved by size on out-of-frame Vd4±Jd1 rearrangements (Dudley et al.,
1995; Figure 5). Thymocytes from NotchIC transgenic,denaturing acrylamide gels. Populations in which the
TCR locus is functionally rearranged show a prominent TCRb mutant mice display predominantly in-frame re-
arrangements, comparable to the pattern seen in TCRbband every third base, corresponding to in-frame re-
arrangements of the V and J segments, whereas popula- mutant mice. This suggests that functional TCRd re-
arrangements were selected in thymocytes of NotchICtions in which there is a selection against functional
rearrangements show reduced bands in the in-frame transgenic, TCRb mutant mice.
Because the majority of thymocytes in NotchICthird positions. The TCRd locus is nested inside the
TCRa locus (Chien et al., 1987); therefore, thymocytes transgenic, TCRb mutant mice are CD41CD81 (Figure
4B), we suspected that most of the Vd4±Jd1 re-that attempt to rearrange their a TCR loci delete the d
TCR loci from the chromosome. However, the deleted arrangements detected in these samples came from
CD41CD81 thymocytes. To confirm this, we isolatedDNA persists in thymocytes and mature resting T cells
and can be readily detected using PCR (Dudley et al., CD41CD81gdTCR2 thymocytes from these mice by fluo-
rescence-activated cell sorting and performed addi-1995; Livak et al., 1995). We analyzed Vd4±Jd1 junctions
from thymocytes of NotchIC transgenic, TCRb mutant tional PCR±RFLP analysis on the sorted population, this
time using primers corresponding to Vd5±Jd1. Oncemice (Figures 5A and 5B). Thymocytes from TCRb1/2
Notch and the ab versus gd T Cell Decision
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Figure 6. The Development of Thymocytes Bearing a Rearranged gd
TCR Transgene Can Be Influenced by Interactions with Neighboring
Nontransgenic Thymocytes
Mixed hemopoietic stem cell chimeras were constructed using vari-
ous proportions of donor cells from G8 TCR transgenic and non-
transgenic Ly5.1 mice. After 5 weeks, thymocytes were analyzed
for expression of Ly5.1, gdTCR, and CD8. The percentage of TCR
Figure 5. The TCR d Locus Is Selectively In-Frame in Thymocytes transgenic±derived thymocytes that are gdTCR1CD82 (open
from NotchIC Transgenic, TCRb Mutant Mice squares) or CD81 (closed circles) is plotted as a function of the ratio
(A) Genomic DNA from thymocytes was amplified using a Vd4±Jd1 of G8 TCR transgenic±derived to nontransgenic-derived donors.
primer pair, digested with HinfI, end-labeled with 32P, and resolved All of the donor and host mice used in this experiment were b2-
on a denaturing acrylamide gel. DNA was isolated from total thymo- microglobulin mutant, in order to avoid negative selection of thymo-
cytes of TCRb mutant mice (1), TCRb1/2 mice (2), and NotchIC cytes expressing the G8 TCR. The input ratio of G8 TCR transgenic
transgenic, TCRb mutant mice (3). to nontransgenic stem cells was 10-fold higher on average than the
(B) PhosphorImager traces of lanes corresponding to TCRb1/2 mice resulting ratio, suggesting that the G8 TCR transgenic donor cells
(gray line, lane 2) and NotchIC-9 transgenic, TCRb mutant (solid have a competitive disadvantage over nontransgenic donor cells.
line, lane 3).
(C) Genomic DNA from thymocytes was amplified using a Vd5±Jd1
primer pair, digested with HaeIII, end-labeled with 32P, and resolved
limit the proportion of thymocytes that can develop ason a denaturing acrylamide gel. DNA was isolated from thymocytes
gd T cells. This could explain the observation that miceof TCRb1/2 mice (4), TCRb mutant mice (5), and sorted CD41
CD81gdTCR2 thymocytes from NotchIC transgenic, TCRb mutant expressing rearranged gd TCR transgenes still have sub-
mice (6). stantial numbers of ab T cells. Perhaps Notch signaling
(D) PhosphorImager traces of lanes corresponding to TCRb1/2 mice between precursors induces some cells to adopt the ab
(gray line, lane 4) and sorted NotchIC transgenic, TCRb mutant (solid lineage, in spite of the fact that they express a functional
line, lane 6). The rectangles indicate the regions of the gel displayed
gd TCR. If this hypothesis is correct, we might expectin the PhosphorImager traces. Arrowheads indicate the position of
that a thymocyte bearing a functional gd TCR would bein-frame rearrangements based on the pattern observed with TCRb
mutant thymocytes and an adjacent sequencing ladder (not shown). more likely to become a gd T cell if the majority of its
neighbors develop as ab T cells.
To investigate whether nontransgenic thymocytes
could influence the development of thymocytes bearingagain, a selectively in-frame pattern of Vd gene re-
arrangements was observed, confirming that, although functional gd TCR genes, we generated mixed hemopoi-
etic stem cell chimeras using various ratios of stemthese cells do not express gd TCR, they have in-frame
d TCR rearrangements. We also examined rearrange- cells from mice bearing the G8 gdTCR transgene and
nontransgenic mice. In this experiment, nontransgenicment of Vg1.1±Jg4 on sorted CD41CD81gdTCR2 thymo-
cytes and found that they were also selectively in-frame donor cells bear an allelic marker (Ly5.11) allowing them
to be distinguished from G8 TCR transgenic±derived(data not shown). Taken together, these data imply that
the ability of activated Notch to drive CD41CD81 devel- cells (Ly5.12). In addition, we used b2-microglobulin mu-
tant mice for both donor and host mice in these experi-opment in TCRb mutant mice is dependent on the pres-
ence of functional gd receptor. ments to avoid negative selection on class I MHC (major
histocompatibility complex) of thymocytes expressing
the G8 TCR transgene (Dent et al., 1990). After 5 weeksThe Development of gd Lineage Thymocytes Bearing
a Rearranged gd TCR Transgene Can Be Enhanced to allow reconstitution of the thymus, we examined thy-
mocytes by flow cytometry to determine the proportionby Interactions with Nontransgenic Thymocytes
The observation that Notch activity can drive thymo- of thymocytes derived from the G8 TCR transgenic do-
nors and the fraction of these G8 TCR transgenic±cytes bearing in-frame gdTCR genes to develop along
the ab pathway, together with indications that the rela- derived thymocytes that develop as gd lineage cells (Fig-
ure 6). We find that when thymocytes derived fromtive level of Notch1 signaling between precursors may
influence the ab versus gd lineage choice, suggests that transgenic donors make up less than 10% of total thy-
mocytes, the proportion of G8 TCR transgene±derivedNotch signaling between thymocytes might normally
Cell
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thymocytes that are gdTCR1CD82 increases, whereas gd TCR genes may influence whether or not a precursor
receives a Notch signal.the proportion of G8 TCR transgenic±derived thymo-
cytes that express CD8 is reduced. These CD81, G8 How might productive TCR gene rearrangements in-
fluence Notch signaling? One intriguing possibility isTCR transgenic±derived thymocytes (Ly5.12) resemble
ab lineage thymocytes in that they express CD8b as suggested by the observation that T cells that develop
in the same thymus can influence the fates of one an-well as CD8a and are predominately CD41 and gdTCR2
(data not shown). These data indicate that interactions other. For example, we show that the relative levels of
Notch1 in thymocytes influences whether they developbetween G8 TCR±bearing thymocytes limit the number
of thymocytes that develop as gd T cells and are consis- as ab or gd T cells. We also show that thymocytes ex-
pressing a rearranged gdTCR transgene are more likelytent with the notion that Notch signaling between thymo-
cytes can inhibit the gd T cell fate. to develop as gd T cells when the majority of their neigh-
bors develop as ab T cells. Together, these observations
suggest the existence of a Notch-mediated feedback
Discussion mechanism that directs neighboring thymocytes to
adopt distinct fates. According to this notion, thymo-
Although successful rearrangement of either b or gd cytes that successfully rearrange their gd TCR genes
TCR genes may influence the lineage decision (Dudley might induce their neighbors to develop as ab T cells
et al., 1995; Kang et al., 1995; Livak et al., 1995), the via a Notch signal. Further investigations into how Notch
mechanism by which thymocytes choose between the activity is normally regulated in the thymus will be
ab and gd lineage remains unknown. Here, we identify needed to test this model.
a new participant in the ab versus gd lineage decision: We show here that a constitutively activated form of
the transmembrane receptor Notch. Previous studies Notch can direct thymocytes with productively re-
provide evidence for a feedback mechanism that ampli- arranged gd TCR genes to develop as ab T cells. How-
fies small differences in the levels of Notch and its ligand ever, there are indications that even when Notch is regu-
on initially equivalent precursor cells (Heitzler and Simp- lated normally, not every cell that makes in-frame gd
son, 1991; Wilkinson et al., 1994). As a result, a cell that TCR gene rearrangements avoids the Notch signal and
expresses less Notch than its neighbor ultimately avoids adopts the gd T cell fate. For example, we have shown
the Notch signal and adopts the primary fate, while its that one can alter the proportion of T cells that adopt
neighbor receives the Notch signal and adopts the sec- the ab or gd lineage simply by altering the relativeNotch1
ondary fate. Here, we provide evidence that the relative gene dosage, a result that would not be expected if
level of Notch1 on developing T cells can influence their the lineage decision were controlled exclusively by TCR
fate, such that cells with a single copy of the Notch1 gene rearrangements. Moreover, previous studies show
gene are less likely to become ab T cells than wild-type that expression of a rearranged gdTCR transgene often
cells that develop in the same mouse. We also show does not abolish ab T cell development (Bonneville et
that the ratio of gd to ab T cells is consistently higher al., 1990; Dent et al., 1990; Sim et al., 1995; Schweighof-
in T cells derived from Notch11/2 stem cells compared to fer and Fowlkes, 1996). This raises the possibility that
wild-type cells, suggesting that reduced Notch activity signals through Notch and the newly formed TCRs act
favors the gd lineage over the ab lineage. Finally, we in concert to direct precursor cells to the ab or gd T cell
show that expression of an activated form of Notch lineage and that neither signal by itself can completely
permits thymocytes with in-frame rearrangements of the override the other.
g and d TCR genes to develop along the ab pathway. At what point does a T cell precursor become commit-
These data indicate that Notch acts together with the ted to the ab or gd lineage? Analysis of a cell fate deci-
newly formed TCR to direct the ab versus gd T cell sion in C. elegans indicates that the choice of cell fate
lineage decision. can be a gradual process that must be reinforced over
How do Notch and TCR act together to direct thymo- time before cells are actually lineage committed (Wilkin-
cytes to the ab or gd lineage? While we do not yet have son et al., 1994). In this light, it is interesting to consider
a complete answer, the effect of the activated Notch that a thymocyte precursor might receive signals
transgene in TCRb mutant and rag1 mutant back- through the TCR and Notch that influence its lineage
grounds provides an important clue. Mutation of the choice well before the cell actually becomes committed
TCRb gene leads to an early block in ab T cell develop- to either lineage. Indeed, it is possible that commitment
ment, implying that rearrangement and expression of to the gd lineage does not occur until the thymocyte
the TCRb gene is important for normal ab T cell develop- turns off the machinery needed to rearrange its antigen
ment. Introduction of an activated form of Notch into receptor genes, and thus can no longer rearrange the
TCRb mutant mice restores CD41CD81 thymocytes to TCRb gene. Conversely, commitment to the ab T cell
normal levels. This suggests that Notch signaling acts lineage might not occur until a cell rearranges both of
downstream or in parallel with TCRb to direct cells to its TCRa loci, leading to the deletion of the TCRd loci.
the ab lineage (Figure 7). In wild-type mice, ab lineage Such a scenario would provide a prolonged period of
T cells have predominantly nonproductively rearranged time in which a precursor could assess the level of Notch
g and d loci (Dudley et al., 1995; Kang et al., 1995; Livak signal and any signals through the TCR while choosing
et al., 1995), suggesting that successful gd TCR gene its fate.
rearrangement normally diverts precursors out of the Notch activity alone is not sufficient to direct a precur-
ab lineage and into the gd lineage. Together, these ob- sor cell to the ab lineage. Rather, the precursor cell
needs a signal from the TCR, in conjunction with theservations suggest that the production of in-frame b or
Notch and the ab versus gd T Cell Decision
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Figure 7. A Model for the Regulation of T Cell
Fate by Notch and TCR Signals
A T cell precursor first attempts to rearrange
its g, d, and b TCR genes. If the cell makes
in-frame rearrangements of g and d TCR, this
prevents the cell from receiving the Notch
signal and it develops as a gd T cell. If the
cell makes an in-frame rearrangement of b
TCR, it receives the Notch signal. This leads
to proliferation, CD4 and CD8 expression,
and rearrangement of the TCRa locus. This
ab T cell precursor then tests its abTCR for
recognition of MHC proteins on thymic epi-
thelial cells. If its TCR recognizes class II
MHC, the cell does not receive the Notch sig-
nal and it develops as a CD4 T cell. If its TCR
recognizes class I MHC, the cell receives the
Notch signal and develops as a CD8 T cell. A constitutively activated form of Notch causes developing T cells to misinterpret their developmental
cues. In the presence of activated Notch, a cell that makes in-frame gd TCR rearrangements still receives the Notch signal and develops
along the ab pathway, and a thymocyte whose abTCR recognizes class II MHC still receives the Notch signal and develops along the CD8
pathway.
mixed with N11/2), except for ªsame genotype chimerasº in whichNotch signal, to develop along the ab pathway. This
donor pairs had the same Notch1 genotype. Mice were typed forresult parallels our previous observations for the role of
the presence of the Notch1 insertion mutation by PCR, using aNotch in the CD4 versus CD8 T cell lineage decision
59 primer (59-TGGGAAGACAATAGCAGGCATGC-39) that anneals to
(Figure 7; Robey et al., 1996). In that case, activated sequences within the insertion and a 39 primer (59-CAGGGGTTGGA
Notch can direct CD8 T cell development in the absence GAGACATTCATTG-39, Swiatek et al., 1994) that anneals to the cod-
ing region of EGF repeat 33. The Notch1 genotypes of 76% of theof class I MHC proteins, ligands recognized by the
mice in this study were also examined by genomic Southern blottingabTCR that are normally required for CD8 T cell develop-
as previously described (Swiatek et al., 1994), and in every case,ment. However, activated Notch is not sufficient to pro-
the typing by Southern blot confirmed the PCR typing. Most of the
mote CD8 T cell development when both class I and donor pairs were siblings, and each in a pair was distinguished by
class II MHC proteins are absent. Thus, for both the ab an allelic difference at the Ly5 locus (cross described above) or Ly9
versus gd lineage decision and for the CD4 versus CD8 locus, which encodes another cell surface marker expressed on
lymphocytes. We chose N11/2 donors expressing one Ly5 allele (orlineage decision, the TCR appears to be playing two
Ly9 allele) as often as expressing the other, thus eliminating any biasdistinct roles. On the one hand, a specific TCR signal
from unequal sampling of cell surface marker alleles. In addition, thenormally directs the lineage decision and can be overrid-
majority of mixed chimeras reported in this study were generated
den by an activated form of Notch. On the other hand, using independent pairs of donor stem cells. Bone marrow chimeras
some TCR signaling is required for maturation and/or were made according to standard protocols (Coligan et al., 1994).
For Notch1 mutant mixed chimeras, rag1 mutant host mice (Spano-survival, and this requirement cannot be overridden by
poulou et al., 1994) were irradiated with 1000 Rads from a Cs sourceactivated Notch. The nature of these TCR signals and
and were intravenously injected 3±24 hr later with 107 donor cells.how they regulate Notch and promote T cell maturation
Fetal liver, 1 day postnatal liver, or adult bone marrow served as
are important questions for the future. the source of donor hemopoietic stem cells. Bone marrow cells
were T cell±depleted with anti-Thy1.2 (J1J) and anti-Lyt1.2 (C3PO)
Experimental Procedures antibodies in combination with low toxicity rabbit complement (Ce-
darlane Labs, Westbury, NY). Host mice were analyzed 1±5 months
Mice postinjection. For G8 TCR transgenic chimeras, NK cells of the
Mice werebred and maintained in U.C. Berkeley and NIAID Research recipients were depleted by injecting PK136 antibody intraperitone-
Animal Facilities according to AAALAC specifications. Notch1 mu- ally the night before bone marrow transfer. Recipients were injected
tant mice (Swiatek et al., 1994) and NotchIC-9 transgenic mice (Ro- with 2 3 107 donor bone marrow cells intravenously, then 5 weeks
bey et al., 1996) have been previously described. rag1 mutant mice after bone marrow transfer, the chimeric mice were sacrificed and
(Spanopoulou et al., 1994) were kindly provided by David Baltimore. the thymuses were removed and analyzed.
G8 transgenic mice (Dent et al., 1990) that had been backcrossed
five times to B10.D2 were kindly provided by Drs. J Bluestone and L. Flow Cytometry
Matis. These mice were then crossed two times to b2-microglobulin Thymocyte and lymph node cell suspensions were prepared ac-
mutant mice (previously backcrossed five times to C57Bl/10 mice). cording to standard protocols (Coligan et al., 1994). For the analysis
All experiments using the G8 TCR transgene were done using b2- of IL-2R1 thymocytes, thymocytes were first depleted of CD81 thy-
microglobulin mutant mice, in order to avoid negative selection due mocytes using anti-CD8a antibodies and low toxicity rabbit comple-
to class I MHC (Dent et al., 1990). TCRb mutant mice (Mombaerts ment (both from Cedarlane Labs, Westbury, NY). Live cells were
et al., 1992a) were purchased from Jackson Laboratories. recovered on a Ficoll-Paque gradient. Splenocytes were enriched
for gd T cells by passage over a nylon wool column. Cells were
Hemopoietic Stem Cell Chimeras analyzed using an Epics XL-MCL flow cytometer (Coulter). Dot plot
Mice heterozygous for a disruption of the Notch1 gene were crossed images were produced with the aid of WinMDI version 2.1.2 by
with C57Bl/6 mice congenic at the Ly5 locus (Ly5.1). Offspring from Joseph Trotter (Scripps). Antibodies used were: anti-CD45R-PE
this cross that were heterozygous for Notch1 (N11/2, Ly5.1/Ly5.2) (B220), anti-CD8a-RED613, anti-Rat IgG (H 1 L)-RED613, and anti-
were crossed with C57Bl/6 mice (N11/1, Ly5.2/5.2). The offspring CD4-RED613 (GibcoBRL); anti-ly9.1-FITC or anti-ly9.1-biotin, anti-
from this cross were used as donors of hemopoietic stem cells. CD8a-FITC, anti-gd-PE, anti-abTCR-FITC, and anti-IL-2R-biotin
Donors pairs were chosen that differed at the Ly5 locus (Ly5.2/Ly5.2 (PharMingen); anti-CD4-PE, anti-abTCR-PE, and Streptavidin tri-
color (Caltag); anti-Ly5.1-FITC (clone #A20). For the analysis ofmixed with Ly5.1/Ly5.2) and that differed at the Notch1 locus (N11/1
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gdTCR expression in nontransgenic and NotchIC transgenic mice, W. (1994). Current Protocols in Immunology. (New York: John Wiley
and Sons, Inc.).dead cells were excluded on the basis of propidium iodine staining,
and 106 gdTCR1 cells were analyzed. TCRd2/2 mutant mice were Conlon, R., Reaume, A., and Rossant, J. (1995). Notch1 is required
analyzed in parallel as a negative control. Data were acquired by for the coordinate segmentation of somites. Development 121,
FacsVantage flow cytometer (Becton-Dickinson, Mountain View, 1533±1545.
CA) and analyzed using CellQuest software (Becton-Dickinson).
del Amo, F., Smith, D., Swiatek, P., Gendron-Maguire, M.,
Greenspan, R., McMahon, A., and Gridley, T. (1992). Expression
PCR±RFLP Analysis
pattern of Motch, a mouse homolog of Drosophila Notch, suggests
PCR±RFLP analysis was performed as previously described (Dudley
an important role in early postimplantation mouse development.
et al., 1995). Briefly, DNA was isolated from thymocyte samples
Development 115, 737±744.
using standard procedures. V±J regions were amplified in 100 ml
Dent, A.L., Matis, L.A., Hooshmand, F., Widacki, S.M., Bluestone,PCR reactions containing approximately 104 cell equivalents of thy-
J.A., and Hedrick, S.M. (1990). Self-reactive gamma delta T cellsmocyte DNA for 35 cycles, using Pfu polymerase (Stratagene) ac-
are eliminated in the thymus. Nature 343, 714±719.cording to the protocol of the manufacturer. PCR products were
purified by phenol/chloroform extraction and ethanol precipitation Dudley, E., Girardi, M., Owen, M., and Hayday, A. (1995). ab and gd
and digested with appropriate restriction enzymes (New England T cells can share a late common precursor. Curr. Biol. 5, 659±669.
Biolabs) according to the protocol of the manufacturer. Digested Fehling, H., Krotkova, A., Saint-Ruf, C., and von Boehmer, H. (1995).
products were purified by phenol/chloroform extraction and ethanol Crucial role of the pre-T cell receptor a gene in the development of
precipitation and end-labeled using 32P gATP. Labeled products ab but not gd T cells. Nature 375, 795±798.
were purified by phenol/chloroform extraction and ethanol precipi-
Girard, L., Hanna, Z., Beaulieu, N., Hoemann, N., Hoemann, C., Si-tation and run on denaturing polyacrylamide gels (DNA sequencing
mard, C., Kozak, C., and Jolicoeur, P. (1996). Frequent provirusgels). Gels were dried and radioactivity measured using a Phos-
insertional mutagenesis of Notch1 in thymomas of MMTVD/mycphorImager (Molecular Dynamics).
transgenic mice suggests a collaboration of c-myc and Notch1 for
oncogenesis. Genes Dev. 10, 1930±1944.
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